The effect of concentration on the biodegradation of synthetic organic chemicals by natural microbial communities was investigated by adding individual 14C_ labeled organic compounds to stream water at various initial concentrations and measuring the formation of 14CO2. The rate of degradation of p-chlorobenzoate and chloroacetate at initial concentrations of 47 pg/ml to 47 ,ug/ml fell markedly with lower initial concentrations, although half or more of the compound was converted to C02 in 8 days or less. On the other hand, little mineralization of 2,4-dichlorophenoxyacetate and 1-naphthyl-N-methylcarbamate, or the naphthol formed from the latter, occurred when these compounds were present at initial concentrations of 2 to 3 ng/ml or less, although 60% or more of the chemical initially present at higher concentrations was converted to C02 in 6 days. It is concluded that laboratory tests of biodegradation involving chemical concentrations greater than those in nature may not correctly assess the rate of biodegradation in natural ecosystems and that low substrate concentration may be important in limiting biodegradation in natural waters.
The susceptibility of an organic chemical to microbial destruction in nature may be attributable to environmental factors or to the structure of the chemical itself. The influence of chemical structure on biodegradability is well documented (1), but the significance of only a few of the environmental factors has been established. Concentration of the compound may be a significant factor affecting its susceptibility to microbial attack, and organic chemicals may persist in some environments as a result of low prevailing concentration or low solubility in water. For example, evidence exists that the rates of microbial liberation of nitrogen from dialkylmethylenediureas (8) and of bacterial growth on a series of polycycic aromatic compounds (15) are limited by solubility. In addition, Jannasch (9) has demonstrated that normally biodegradable substrates may not be metabolized by marine bacteria at significant rates when the compounds are present at low concentrations. Unfortunately, these studies have not led to useful generalizations regarding the role of substrate concentration in determining the biodegradability of organic pollutants in nature.
The present investigation was designed to determine the effect of concentration of synthetic organic chemicals on their biodegradation in aquatic microcosms. The experimental system used natural microbial communities from stream t Present address: Biocentrics, Gibbstown, NJ 08027.
water and was designed to reflect the complex interactions among members of these communities rather than the behavior of an individual species.
MATERIALS AND proportional to the initial substrate concentration.
The apparent microbial assimilation of '"C from labeled substrates was measured by collecting and counting the cells and suspended solids from 100-ml samples of stream water incubated for 7 or 14 days with two initial concentrations of each compound. The formation of O4C02 was also measured, but different flasks were used for measurements of apparent 14C assimilation and 14C02 formation. This procedure avoided difficulties in interpretation of data owing to the loss of '4C-labeled solutes from cells after acidification of the water (13) . The data in Table 3 show that only a small fraction of the initial 14C-labeled chemical was assimilated, regardless of the initial concentration.
No loss of 14C from solution was observed when autoclaved stream water was incubated with 4.7 ng/ml ofp-chlorobenzoate or chloroacetate at 290C for 2 days, and the water samples were centifuged as described. Thus, the 14C0 labeled material recovered by filtration represented microbial uptake rather than sorption of these chemicals to suspended solids in the stream water.
The effect of concentration on the rate of biodegradation was strikingly different for 2,4-D from that observed for p-chlorobenzoate and chloroacetate. At initial 2,4-D concentrations of 22 pg/ml and 220 ng/ml, more than two-thirds of the C-2 carbon of the acetate moiety was converted to C02 within 6 days, but less than 10% was converted to C02 in 8 days at initial levels of 2.2 ng/ml and 22 pg/ml (Fig. 1) . This difference was even more pronounced if the actual amounts of C02 generated at the four initial 2,4-D concentrations are compared. The rate of C02 formation at an initial 2,4-D concentration of 2.2 ng/ml was more than an order of magnitude lower than expected based on the assumption that the degradation rates are directly proportional to substrate concentration and by using the data from studies at levels of 22 pg/ml and 220 ng/ml. The C-2 carbon of 2,4-D was eventually degraded to C02, even at the lowest initial concentrations. Thus, in a separate experiment, more than 40% was converted to C02 after 18 days of incubation of stream water with an initial level of 2.2 ng/ml of 2,4-D, and more than 80% was converted to C02 in 12 days or less at 220 ng/ml ( The effect of substrate concentration on the biodegradation of Sevin was similar to that observed with 2,4-D. Figure 2B shows the results obtained when Sevin was added to stream water at four initial concentrations. More than 60% of the starting material was degraded to C02 within 4 days at initial levels of 30 jig/ml and 300 ng/ ml, but 10% or less was converted to C02 at 3.0 ng/ml and 30 pg/ml. At these two lower levels, C02 was generated at rates not exceeding 3% of the starting material per day. Again, the differences in the actual amounts of CO2 generated were even more striking, the rates of C02 formation at initial Sevin concentrations of 3.0 ng/ ml and 30 pg/ml being much lower than those predicted by Michaelis-Menten kinetics. The smaller proportions of Sevin degraded to C02 at these levels were not the result of more efficient assimilation by the responsible microflora as indicated by the results in Table 3 , which show that less than 10% of the starting material was recovered on 0.45-,um membrane filters after 7 days of incubation of stream water with Sevin at an initial concentration of 3.0 ng/ml.
Sevin undergoes spontaneous hydrolysis to 1-naphthol under mildly alkaline conditions, as in the Fall Creek water used in these studies. At an initial concentration of 30 jig/ml, 60% was (Table 5) The kinetics of sorption of either Sevin or 1-naphthol or both to the incubation vessels was studied at three initial Sevin concentrations. The results are shown in Fig. 2A . The kinetics of apparent loss of 14C from solution and concomitant binding to the incubation vessel varied with the initial Sevin concentration, but significant proportions were sorbed at all levels. Nevertheless, the differences in the proportions of either Sevin or 1-naphthol or both sorbed at these levels were not sufficient to account for the observed differences in C02 formation. DISCUSSION These findings are significant for making extrapolations from laboratory assessments of biodegradation to predict the microbial destruction of organic compounds in natural waters. The laboratory test is alnost invariably conducted with concentrations of test chemicals far higher than those found in rivers, lakes, and marine waters, and little attention is usually given to how the rate of degradation in the artificial microcosm approximates the rate under natural circumstances. It is evident from the present study that at least two possibilities exist.
(i) The rate may be directly proportional to concentration. In this instance, a chemical at a 10-or 100-fold lower concentration in nature than is used in the biodegradation test would be mineralized at a 10-or 100-fold lower rate, but the percent of the compound converted to CO2 will be independent of concentration. This relation between concentration and rate is predicted by Michaelis-Menten kinetics for enzyme reactions, but it has rarely been tested in microbial cultures or in aquatic or terrestrial microcosms.
(ii) Little or no biodegradation may occur at low chemical concentrations, and a threshhold would exist below which no significant mineralization occurs. The usual tests involve relatively high chemical concentrations and thus would not predict this behavior, and the wrong conclusion would be reached from the laboratory trial. The existence of a threshhold is not predicted by Michaelis-Menten kinetics, but it is not surprising. One possible explanation is that energy is obtained too slowly from oxidation of the low substrate concentrations to meet the energy demands of the initially small population active on the compound, these organisms thus being unable to proliferate to reach cell densities sufficient to cause appreciable chemical loss.
Sorption of 2,4-D to the incubation vessel or to suspended solids in stream water was not detected. Moreover, the smaller percentage of 2,4-D and Sevin converted to C02 at the lowest concentrations of these chemicals was not the result of more efficient assimilation by the microbial community. Either Sevin or 1-naphthol or both did sorb to a significant extent to the glass incubation vessels at the concentrations of Sevin used, but there was no obvious relationship between the extent of binding and the proportion degraded to C02. The sorption data for both 2,4-D and Sevin are consistent with published reports; for example, Schwartz (14) and DeMarco et al. (6) did not find significant sorption of 2,4-D to suspended mineral solids in natural surface waters, and Aly and El-Dib (2) demonstrated that both Sevin and 1-naphthol sorb to clay in aqueous suspension.
If persistence is sometimes a consequence of the inability of microorganisms to metabolize biodegradable molecules at low concentrations, this lack of activity may account in part for the presence of trace levels of many synthetic organic chemicals in natural waters. For example, Faust and Aly (7) found that 2,4-D and 2,4-dichlorophenol in wastewater from a chemical manufacturing plant contaminated ground waters and persisted for years in this environment at low concentrations. Moreover, numerous studies have demonstrated the presence at low concentrations of an enormous variety of synthetic organic chemicals in surface waters (10, 11) , and the existence of trace amounts of soluble organic matter in oceans may have a similar explanation.
Organic compounds that persist in natural waters, even in trace quantities, could present environmental problems in several ways. Such trace substances could lead to serious problems if they are susceptible to biomagnification and are subsequently toxic to species at higher trophic levels in food chains. In addition, organic chemicals can impart objectionable tastes and odors to water at levels of nanograms per milliliter (7). Finally, some organic chemicals are toxic to aquatic microorganisms at nanogramsper-milliliter levels and lower (4, 12) . Further inquiry is necessary, therefore, to define more precisely the influence of concentration on the rates of microbial degradation of organic molecules in aquatic ecosystems.
